Our results indicate that it will be possible to mitigate future PM 2.5 pollution in China, but it will likely take two decades for polluted regions such as BTH and SCB to meet the FGNS, based on all RCP scenarios. At the same time, the consequent warming effects from reduced aerosols are also significant and inevitable.
Introduction
Fine particulate matter with a diameter of 2.5 μm or less (PM 2.5 ) is a major air pollutant that affects human health [Lelieveld et al., 2015] and atmospheric visibility , as well as regional and global climate change [Intergovernmental Panel on Climate Change (IPCC), 2013] . In China, with rapid industrialization and urbanization over the past several decades, concentrations of major PM 2.5 components (sulfate, nitrate, ammonium, black carbon (BC), organic carbon (OC), and mineral dust) are at considerably high levels [Qu et al., 2010; Cao et al., 2012; Zhang et al., 2012; Jiang et al., 2015; Wang et al., 2015] . For example, in January 2013, over the Beijing-Tianjin-Hebei (BTH) region, monthly mean and daily maximum PM 2.5 concentrations reached~200 μg m À3 and 700 μg m
À3
, respectively [Jiang et al., 2015] . Thus, the focus of attention on air pollution induced by high PM 2.5 concentrations is rising in China, with both the general public and the scientific community, where the need to reduce emissions of primary air pollutants and precursors is a recognized concern [Wang and Hao, 2012; Guo et al., 2014; He et al., 2014; R.-J. Huang et al., 2014; Zhuang et al., 2014; Gao et al., 2015; Kelly and Zhu, 2016] . pollutants and precursors spanning from 2000 to 2100 under a range of warming scenarios. These future scenarios, denoted as RCP2.6, RCP4.5, RCP6.0, and RCP8.5, represent global radiative forcings of 2.6, 4.5, 6.0, and 8.5 W m À2 in 2100 relative to preindustrial times, respectively. The projected air quality based on future emission scenarios in the next several decades has emerged as an important topic of interest for the scientific community [e.g., Carmichael et al., 2009; Butler et al., 2012; Kelly et al., 2012; Colette et al., 2013; Trail et al., 2014; Lapina et al., 2015; Val Martin et al., 2015] . Using Canadian climate models and a regional air-quality modeling system (A Unified Regional Air-quality Modeling System), Kelly et al. [2012] reported a large midcentury decrease (up to 3-10 μg m
) in summer PM 2.5 relative to the present day over the eastern United States (U.S.) under the RCP6.0 and SRES (Special Report on Emissions Scenarios) A2 climate. Colette et al. [2013] predicted that decrease in PM 2.5 concentrations by 2050 in western Europe attributed to air pollutant emissions could reach up to 60% under a reference scenario (resembling RCP8.5) and 75% under a mitigation scenario (resembling RCP2.6). Most recently, Val Martin et al. [2015] , using the Community Earth System Model, also projected PM 2.5 concentrations to show a future decrease (4 μg m À3 and 2 μg m
, by 2050, over the eastern and western U.S., respectively), under both RCP4.5 and RCP8.5. Such findings assist policymakers in identifying mitigation targets for the improvement of future regional air quality.
Several studies have differentiated the relative importance between climate change and emission changes when assessing future changes in PM 2.5 air quality [e.g., Tagaris et al., 2007; Lam et al., 2011; Kelly et al., 2012; Colette et al., 2013; Val Martin et al., 2015] . Specifically, they confirm a primary role played by emission changes, although climate change has the potential to abate PM 2.5 pollution or counteract reduction efforts by altering meteorological variables (e.g., precipitation, temperature, wind, relative humidity, and boundary layer height), as well as the occurrence of stagnation episodes, to influence the emission, formation, transport, and removal of aerosols [Liao et al., 2006; Jacob and Winner, 2009; Fiore et al., 2012; West et al., 2013; Horton et al., 2014] . For example, Lam et al. [2011] pointed out that 90% of the predicted future decline (by 2050) in PM 2.5 concentrations over the U.S. will be contributed by emission reductions, with climate change only expected to account for around 10%. Colette et al. [2013] concluded that the main factor affecting future PM 2.5 air quality in Europe is air pollutant emissions, rather than climate change or intercontinental transport. Similarly, Val Martin et al. [2015] also reported that changes in anthropogenic emissions could account for more than 95% of projected decreases in PM 2.5 concentrations by 2050 all the entire U.S., while climate change may slightly offset the benefits of emission reductions. Moreover, Fiore et al. [2012] reviewed studies on the interaction between global climate and air quality and indicated that the ranges in projections of air quality throughout the 21st century are mainly driven by emission changes rather than by climate change-a notion also adopted in the 2013 IPCC report [Kirtman et al., 2013] .
Only a few studies have investigated the impacts of future emission changes on projected PM 2.5 air quality over China. Carmichael et al. [2009] estimated how PM 2.5 (including carbonaceous aerosols and sulfate only) over Asia may change by 2030, based on a regional chemical transport model (Sulfur Transport and Deposition Model), with future emission scenarios and fixed present-day meteorology. They predicted that annual mean PM 2.5 concentrations could increase by more than 15 μg m À3 over populated eastern China under the SRES A1B scenario, while the SRES B1 scenario only showed a slight increase (0.5-2 μg m À3 ) over China. Using the Community Multi-scale Air Quality Model, Xing et al. [2011] reported that PM 2.5 concentrations by 2020 will decrease by 16% relative to 2005 over China under a scenario of improved energy efficiencies and strict legislation but will increase by 8% under a scenario of current control legislation and implementation status. Using the global chemical transport model (GEOS-Chem) driven by the version 3 of the Goddard Institute for Space Studies General Circulation Model (GCM) at a resolution of 4°× 5°, China (18°-45°N, 95°-125°E), based on a GCM with online simulations of gas-phase chemistry and aerosols. These DRF estimates are vastly different, resulting from emissions and chemistry scheme in the models as well as the treatments of aerosol optical properties (e.g., mixing state and aging process). The evolution of future aerosol DRF in China could be pronounced under conditions of improved air quality. Li et al. [2014] studied the decadal variations of radiative forcing of anthropogenic aerosols for the period of 1850-2100 and showed that TOA aerosol DRF in East Asia (20°-45°N, 100°-145°E) will reach a maximum of À1.21 W m À2 by the 2020s, before decreasing to only À0.2 W m À2 by the end of this century under RCP8.5. Westervelt et al. [2015] concluded that 30-40% of total climate warming in East Asia by 2100 under RCP8.5 will result from reduced aerosol. Furthermore, to our knowledge, few studies have quantified the changes in aerosol radiative forcing when emission reduction measures are taken.
Building upon our related work in which we focused on future ozone (O 3 ) air quality over China [Zhu and Liao, 2016] , here we examine future (2000-2050) PM 2.5 concentrations and associated DRF in China driven by different RCP emission scenarios with fixed meteorology for the year 2010, using the nested-grid version of GEOS-Chem model with a high resolution of 0.5°× 0.667°. We aim to quantify (1) the possible ranges of PM 2.5 concentrations over the period of 2000-2050 under the various RCPs, (2) how PM 2.5 components vary in cases of changed emissions, and (3) the corresponding evolution of future aerosol DRF. We do not include any changes in climate that would also affect future PM 2.5 concentrations; instead, we focus on the impacts of anthropogenic emission changes alone, which is the primary target for improving PM 2.5 air quality in China. A description of GEOS-Chem model, the RCP emission scenarios, and the numerical simulations is provided in section 2. In section 3, simulated present-day PM 2.5 levels are compared with measurements. Section 4 describes the projected changes in PM 2.5 air quality under the RCP scenarios, especially over polluted regions. Section 5 presents the projected evolution of aerosol DRF. Section 6 discusses some implications that may be useful for policymakers. Conclusions are given in section 7.
Model Description, Emissions, and Numerical Experiments

GEOS-Chem Model
We simulated PM 2.5 components in China by using the nested-grid capability of GEOS-Chem model (version 9-01-03; http://acmg.seas.harvard.edu/geos/) driven by assimilated meteorological data from the Goddard Earth Observing System (GEOS) of NASA's Global Modeling and Assimilation Office [Chen et al., 2009] . The simulation domain was nested over Asia (11°S-55°N, 70°-150°E), with a horizontal resolution of 0.5°× 0.667°and 47 vertical layers up to 0.01 hPa. Tracer concentrations at the lateral boundaries were provided by global GEOS-Chem simulations at a horizontal resolution of 4°× 5°and updated every 3 h. GEOS-Chem model includes fully coupled O 3 -NO x -hydrocarbon chemistry and aerosols, including sulfate [Park et al., 2004] , nitrate [Pye et al., 2009] , ammonium, OC and BC [Park et al., 2003] , mineral dust [Fairlie et al., 2007] , and sea salt [Alexander et al., 2005] . Wet deposition of soluble aerosols and gases follows the scheme of Liu et al. [2001] , and dry deposition follows the standard resistance-in-series model of Wesely [1989] . In this study, we focus on changes of future anthropogenic PM 2.5 levels; thus, mineral dust and sea-salt aerosols are not included in the total PM 2.5 concentrations. Secondary organic aerosol (SOA) is also excluded, because a large fraction (~70%) of SOA formation in China happens through oxidizing biogenic volatile organic compounds (BVOCs) Fu and Liao, 2012] . BVOC emissions were kept constant because we fixed meteorological fields at year 2010 in simulations, but anthropogenic changes in oxidants might influence SOA formation [Shilling et al., 2013; Xu et al., 2015; Rattanavaraha et al., 2016] .
The all-sky aerosol DRF at the TOA was calculated via the Rapid Radiative Transfer Model for GCMs (RRTMG), which has been coupled online with GEOS-Chem model [Heald et al., 2014] . The RRTMG solves the radiative transfer equation in 14 shortwave bands and 16 longwave bands, covering 230 nm through 56 μm. We calculated instantaneous shortwave and longwave radiative fluxes every 3 h. The sizes and optical properties of aerosol species followed the methods of Heald et al. [2014] . The differences in radiative flux with and , respectively. Over 2000-2050, the evolutions of all species except NH 3 experience a similar pattern of peak emissions occurring in 2010 or 2020, and a large reduction in emissions appearing during 2030-2050, under RCP2.6, RCP4.5, and RCP8.5. SO 2 emissions are lowered by 86%, 80%, and 69% in 2050 relative to 2000, respectively, under RCP2.6, RCP4.5, and RCP8.5. Relative to 2000, NO x emissions in 2020 (2050) increase (decrease) by 55% (36%), 54% (50%), and 132% (1%), respectively, under RCP2.6, RCP4.5, and RCP8.5. BC (OC) emissions in 2050 decrease by 60-96% (60-80%), compared with those in 2000, under these three RCPs. Interestingly, under RCP6.0, all of the emissions hold an increasing trend. By 2050, emissions of SO 2 , NO x , BC, and OC have increased by 38%, 113%, 43%, and 41%, respectively. It should be noted that although the RCP6.0 scenario in China seems to be unmitigated over 2000-2050, its emissions drop sharply after 2050, as one would expect (supporting information of IPCC [2013] ). NH 3 emissions increase steadily from 2000 to 2050 (by 35-81%) under all the RCP scenarios, which will mainly be due to the increased population and food demand [van Vuuren et al., 2011] .
Natural emissions follow the configurations in the standard GEOS-Chem simulation and are all fixed at the year 2010. Lightning NO x emissions were described by Sauvage et al. [2007] and Murray et al. [2012] , and soil NO x by Yienger and Levy [1995] . NH 3 emissions from soil, vegetation, and the oceans were from the Global Emissions Inventory Activity inventory [Bouwman et al., 1997] . BVOC emissions were calculated from the Model of Emissions of Gases and Aerosols from Nature [Guenther et al., 2006] . Natural emissions of BVOCs, lightning NO x , and soil NO x emissions over China were dependent on year 2010 meteorology, which are 18.07 Tg C yr 
Numerical Simulations
An overview of the numerical experiments is already provided in Zhu and Liao [2016] ; thus, only a brief description is provided here. Simulations were performed with present-day emissions (year 2000) and future emissions (years 2010, 2020, 2030, 2040, and 2050) Figure S1 in the supporting information). Each of the simulations was integrated for 18 months, and the first 6 months were treated as model initialization for both the nested high-resolution (0.5°× 0.667°) and global (4°× 5°) simulations that provided the boundary conditions. Journal of Geophysical Research: Atmospheres 10.1002/2016JD025623 Lou et al., 2014; Mu and Liao, 2014; Yang et al., 2015; Li et al., 2016; Mao et al., 2016] . In this section, we evaluate the ability of GEOS-Chem simulations driven by current (year 2010) RCP emissions to reproduce the spatial distributions and seasonal variations of observed current surface-layer PM 2.5 concentrations. Figure 1 presents the current emissions of SO 2 , NO x , NH 3 , BC, and OC in China from several of the latest inventories [Zhang et al., 2009; Lu et al., 2011; Huang et al., 2012; Janssens-Maenhout et al., 2015] . These aforementioned emission inventories are widely adopted in modeling aerosols over China. Compared with these inventories, current NO x emissions in China are underestimated by all the RCPs in 2010. Current emissions of SO 2 and BC are in good agreement with those from the 2010 emissions of RCPs, except RCP6.0. All the RCPs in 2010 except RCP2.6 underestimate current OC emissions in China, while OC emissions are highly overestimated under RCP2.6. Current NH 3 emissions are underestimated by all the RCPs. Here we mainly show the simulated surface-layer PM 2.5 concentrations driven by 2010 emissions under RCP4.5, which is seemingly the closest scenario to current emission inventories. ) are found over the SCB, owing to large SO 2 emissions from the residential sector for winter heating. High nitrate concentrations are simulated over the NCP, with 15-20 μg m À3 in DJF and SON, and 8-15 μg m À3 in JJA and MAM. This seasonal variation could be explained by the low temperatures in DJF and SON favoring nitrate ammonium formation, and its formation in JJA is enhanced by high emissions of NH 3 [Huang et al., 2012] . Simulated ammonium concentrations are 6-10 μg m À3 over the NCP throughout the year and show high values of 10-15 μg m À3 over the SCB in DJF. The maximum concentrations of BC and OC reach 10 and 20-25 μg m À3 , respectively, over both the NCP and SCB in DJF. Meanwhile, their low values are both found in JJA, due to decreased emissions and enhanced wet scavenging by monsoon precipitation Fu et al., 2012] . Figure 3 shows the simulated spatial distribution of annual mean surface-layer PM 2.5 concentrations under the 2010 emissions of RCP4.5. Also shown are observations from an aerosol measurement network (China Atmosphere Watch Network (CAWNET)) that produced monthly measurements of surface mass concentrations of PM 10 components at 14 sites for the period 2006-2007 . This set of measurements has been widely applied to evaluate modeled aerosol concentrations in China [e.g., Fu et al., 2012; Lou et al., 2014; Wang et al., 2013; Gao et al., 2014; Huang et al., 2015; Zhang et al., 2015a; Li et al., 2016] . For comparison purposes, we converted the observed PM 10 to PM 2.5 by multiplying by 0.6, based on the suggestion in Zhang et al. [2002] . It can be seen that observed high values of PM 2.5 over the NCP and SCB, though underestimated, are generally reflected in the GEOS-Chem simulations. observations. At Chengdu, the model can successfully capture the observed PM 2.5 concentrations in winter, and low biases are found in the simulation during the other seasons. This underestimation can be partly explained by the observed high ratios of secondary OC in total OC and the omission of SOA in the simulations. It is also noted that simulated PM 2.5 concentrations at these five sites are highly consistent with each other under different RCP scenarios.
Comparison of Simulated Concentrations With Measurements
A comparison of seasonal mean concentrations of PM 2.5 and their components between the simulations and observations at 14 CAWNET is given in Figure 5 . Scatterplots of simulated versus observed PM 2.5 components exhibit high correlation coefficients for sulfate (r = 0.69), nitrate (r = 0.68), ammonium (r = 0.73), and BC (r = 0.53), but a relatively low value (r = 0.29) for OC. Table S1 in the supporting information shows correlation coefficient and normalized mean biases (NMBs) for observed and simulated seasonal mean PM 2.5 and its components. For PM 2.5 , the lowest (highest) bias of À31% (À44%) is found in DJF (JJA), while the highest r of 0.7 occurs in SON. As for sulfate-nitrate-ammonium (SNA) aerosol, simulated sulfate (nitrate) exhibits highest NMB of À47% (À39%) in DJF (JJA). Model performance is better in simulating BC than OC. Overall, total PM 2.5 concentrations show a coefficient correlation (r) of 0.63 and a normalized mean bias (NMB) of À37%. The low bias could be attributable to the underestimation of sulfate and OC; the simulated sulfate and OC concentrations have NMBs of À43% and À57%, respectively, while the NMBs for simulated nitrate, ammonium, and BC concentrations are only À15%, À5%, and À17%, respectively. The simulated low bias in sulfate concentrations could be partly explained by lower emissions of NH 3 and SO 2 under RCP4.5 than in current emission inventories [Zhang et al., 2009; Huang et al., 2012] . Moreover, several recent studies [e.g., He et al., 2014; X. Huang et al., 2014; have proposed some possible pathways for sulfate formation in China that are not fully considered in current models. The low biases in simulated OC We also compare our simulated changes (2000-2010) of PM 2.5 with the changes from two previous studies: one is a 15 year (1998-2012) global PM 2.5 concentration data set at a resolution of 1°× 1°derived from satelliteretrieved aerosol optical depth (AOD) products [Boys et al., 2014] , and the other is simulated PM 2.5 air quality over 1990-2010 across the Northern Hemisphere using the Weather Research and Forecasting-Community Multi-scale Air Quality model and historical emission inventories [Xing et al., 2015] . Over 2000-2010, our simulated changes in PM 2.5 averaged over east China (20°-40°N, 100°-125°E ) under the RCPs are 3.6-5.3 μg m À3 (or 21-31%), which agree fairly well with the changes of 7.9 ± 2.7 μg m À3 from Boys et al. ) is predicted to occur over the NCP and SCB by 2040-2050. Under RCP8.5, projected PM 2.5 concentrations over China are comparable with those under RCP2.6. This can be explained by the fact that emissions of SO 2 and NO x under RCP8.5 are larger by 121% and 55%, respectively, compared to those under RCP2.6, while NH 3 emissions under RCP8.5 are lower by 25%. Figure S3 shows the long-term changes in annual mean concentrations of PM 2.5 components. to 2000 under the SRES A1B scenario, the decreases (by 5-30 μg m À3 ) in PM 2.5 concentrations over east China under RCP2.6, RCP4.5, and RCP8.5 in this study are quite significant. The large decreases in PM 2.5 concentrations in our simulations can be partly attributed to the differences in emission reductions between RCPs and A1B scenario and our higher model resolution that could better represent oxidant environment Yan et al., 2016] and transport processes [Chen et al., 2009] . The projected changes in annual mean concentrations of PM 2.5 and their components under RCP2.6, RCP4.5, and RCP8.5 provide possible options 
Journal of Geophysical Research: Atmospheres
10.1002/2016JD025623
to control and mitigate PM 2.5 air pollution on a national scale. In the following section, we pay particular attention to PM 2.5 air quality on the regional scale.
Future Changes in Seasonal Mean PM 2.5 Concentrations in Four Heavily Polluted Regions
The National Ambient Air Quality Standards (GB 3095-2012), launched by Ministry of Environmental Protection of China, will be implemented from 2016. The First Grand National Standard (FGNS) for annual PM 2.5 concentrations is no more than 35 μg m À3 . This standard is associated with a long-term mortality risk of around 15% higher relative to the air quality guidelines (10 μg m
À3
) [World Health Organization, 2005] . Thus, we focus on the evolution of projected PM 2.5 levels over four heavily polluted regions (domains shown in Figure 3 ) in China: BTH (35°-40°N, 114°-120°E), Yangtze River Delta (YRD, 29.5°-32.5°N, 118°-122°E), Pearl River Delta (PRD, 21°-23.5°N, 112°-116°E), and SCB (28°-31.5°N, 102.5°-107.5°E). These four polluted regions are all urbanized, large city clusters, in which health concerns induced by PM 2.5 pollution make it urgent to take emission reduction measures. Figure 7 shows the projected future changes (2010-2050) of seasonal mean PM 2.5 concentrations relative to 2000 over the four regions under all the RCPs, and their maximum 25 μg m À3 (À57%), and 18 μg m À3 (À40%) under RCP2.6, RCP4.5, and RCP8.5, respectively. In Figure 8 , it can be seen that the largest percentage increases and decreases both occur in JJA under all RCPs, while the smallest changes are found in DJF. In terms of the FGNS, wintertime PM 2.5 concentrations that meet the FGNS will occur after 2040 under RCP2.6, RCP4.5, and RCP8.5, and summertime PM 2.5 concentrations will reach this goal by 2030 under RCP2.6 and RCP4.5.
We then show in Figure 9a the evolution of PM 2.5 components in DJF and JJA over BTH. Sulfate is the dominant aerosol species in JJA at present, but it is projected to decrease obviously after 2020 following changes in SO 2 emissions (Figure 1a (2050) under RCP2.6, RCP4.5, and RCP8.5, respectively. In consideration of the FGNS, future PM 2.5 levels in summer are expected to be controlled well, while winter PM 2.5 concentrations less than 35 μg m
only appear after 2030. The evolutions of PM 2.5 components in YRD (Figure 9b ) are very similar to those in BTH. With reduced sulfate concentrations in the future, the relative contribution of nitrate to PM 2.5 concentrations is expected to increase. Nitrate could account for 50% (38%), 47% (26%), and 53% (36%) of PM 2.5 concentrations in DJF (JJA) by 2050 under RCP2.6, RCP4.5, and RCP8.5, respectively, while its contribution to PM 2.5 in 2000 is only 25% (16%) in DJF (JJA). Following their emissions (Figures 1d and 1e) , carbonaceous aerosols are projected to reduce considerably, with seasonal mean concentrations of 0.6-1.9 μg m À3 for BC and 1.4-5.8 μg m À3 for OC by 2050. RCP6.0. It should be noted that there is a low bias in our simulated summertime PM 2.5 concentrations when compared with the CAWNET observations. The evolutions of PM 2.5 components in SCB (Figure 9d ) reflect those in BTH and YRD. Nitrate concentrations account for 48-51% of total PM 2.5 in DJF by 2050, and in JJA contributions from nitrate and OC to PM 2.5 are generally comparable under RCP2.6 and RCP4.5.
PRD
In summary, future PM 2.5 air quality over these polluted regions clearly improves under RCP2.6, RCP4.5, and RCP8.5. In consideration of the FGNS, however, controlling PM 2.5 pollution in BTH, YRD, and SCB will be challenging. Under both RCP2.6 and RCP4.5, wintertime (summertime) PM 2.5 in BTH that meets the FGNS is predicted to occur in 2040 (2030). In SCB (YRD) under these two scenarios, PM 2.5 concentrations in DJF below the FGNS are expected in 2050 (2040), while summertime PM 2.5 is well controlled. Under RCP8.5, wintertime (summertime) PM 2.5 in BTH that meets the FGNS will occur in 2050 (2040). In DJF and under RCP8.5, PM 2.5 concentrations reaching the FGNS are projected in 2040 in YRD, but the FGNS is never achieved in SCB. Future PM 2.5 air pollution will be worse if reduction measures are not taken timely, as RCP6.0 indicates. Note that natural aerosols and SOA were not considered in our projected PM 2.5 levels. Thus, if future PM 2.5 levels over BTH and SCB are expected to meet the FGNS, a conservative estimate is that it will take at least two decades to realize this goal, based on the RCP2.6, RCP4.5, and RCP8.5 scenarios. observations from the Aerosol Robotic Network (AERONET) [Holben et al., 2001] and satellite retrievals from Microwave Integrated Retrieval System [Martonchik et al., 1998 ] and MODIS (Moderate Resolution Imaging Spectroradiometer) [Remer et al., 2005] . Simulated AOD includes both anthropogenic and natural aerosols (dust and sea salt). The AERONET AOD at 550 nm is obtained by logarithmically interpolating AOD between 440 nm and 675 nm from multiyear (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) ) averaged values at 20 sites in China (see details in Table S2 ). The Multiangle Imaging Spectroradiometer (MISR) AOD for the year 2010 is averaged over the monthly level-3 product (MIL3MAE4) in the green band (555 nm) with a resolution of 0.5°× 0.5°, and the MODIS AOD for the year 2010 is based on the monthly level-3 product (MYD08_M3) from the Aqua satellite at 550 nm with a resolution of 1°× 1°. The model results show high AODs of 0.8-1 over SCB and 0.6-0.7 over the NCP and south-central China (e.g., Hunan and Hubei provinces), and both of these ranges are consistent with the locations of high anthropogenic emissions and PM 2.5 concentrations. These three regions of high AOD can also be found in the AERONET AOD and satellite retrievals; however, the magnitude of AOD varies among these observations, with high AOD values of 0.8-1 from MODIS and 0.5-0.7 from MISR.
Projected Evolutions of
The comparisons of seasonal mean AOD between simulated and satellite retrieved values are shown in Figure S4 . High AOD over SCB and eastern China in DJF and MAM seen by MODIS is well captured by the model. Simulated AOD over eastern China in JJA exhibits low bias in comparison with retrieved AOD. In SON, simulated and observed AODs are in good agreement over high-AOD regions. Qi et al. [2013] found that compared to AOD from AERONET sites in northern China, MODIS retrievals tend to overestimate AOD from ) at the TOA under RCP4.5 emissions (DRF from natural aerosol is excluded because the meteorology is fixed at year 2010 simulations).
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and MISR generally underestimates AOD. Our simulated AOD at the AERONET sites has a correlation coefficient (r) of 0.87 and a NMB of À22% (Table S2) . Overall, the modeled magnitude and spatial distribution of AOD agree closely with observations. Figure 10d shows the simulated all-sky aerosol DRF for the year 2010 at the TOA under RCP4.5. A strong aerosol DRF of more than À8 W m À2 is apparent over SCB, NCP, and south-central China, which is consistent with the spatial distribution of AOD (Figure 10a ). The simulated DRF averaged over east China (20°-45°N, 100°-125°E) is À5.12 W m
Future Evolution of Aerosol DRF Over China
À2
, which is very similar to the annual mean DRF of total aerosols (À5.11 W m
) in eastern China (21°-37°N, 110°-120°E) obtained by Qian et al. [2003] We also show, in Figure 12 , the all-sky speciated aerosol DRF at the TOA for the period 2010-2050 over east China (as defined in Figure 11 ). Under RCP2.6, RCP4.5, and RCP8. ) and tropospheric O 3 (+0.40 W m À2 ) [IPCC, 2013] . In addition, the increasing importance of nitrate DRF in total DRF in the future has also been reported by other studies [e.g., Hauglustaine et al., 2014; Li et al., 2015; Paulot et al., 2016] . Li et al. [2015] concluded that nitrate will contribute to over 60% of the total aerosol DRF in East Asia by the end of this century. Furthermore, projected contributions of nitrate AOD to global total anthropogenic AOD are predicted to increase from a present-day value of 13% to 46-64% in 2100 under different RCPs [Hauglustaine et al., 2014] .
Implications for Mitigation Options
The evolution of projected PM 2.5 levels under different RCP scenarios has important implications for mitigation options of regional PM 2.5 pollution. According to the Paris Agreement contracted last year, there is a goal to keep the increase in global mean temperature below 2°C, relative to preindustrial levels, and an aim to limit the increase to 1.5°C. RCP2.6 and RCP4.5 are the two scenarios whose increases in temperature are likely not to exceed 1.5°C and 2°C, respectively [IPCC, 2013] . Over polluted regions in China, therefore, the expectation should be to achieve a decrease in PM 2.5 concentrations of 38-58% in 2050 relative to 2000, to adhere with the Paris Agreement. However, such emission reductions barely guarantee a 2050 PM 2.5 level below the FGNS over China as a whole.
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The difficulty in controlling future PM 2.5 levels relates to the fact that concentrations of PM 2.5 components do not respond to reductions in their emissions in a simple linear fashion. The changes in concentrations of PM 2.5 components as well as the changes in emissions of aerosols and aerosol precursors in 2050 relative to 2000 are summarized in Table S3 for the four polluted regions under the four RCP scenarios. It can be seen that changes in carbonaceous aerosols mainly follow their emissions, while changes of SNA aerosol depend largely on the change of SNA chemistry (as shown in Figure 13 ). Specifically, sulfate is expected to experience substantial reductions due to decreased SO 2 emissions. However, under RCP2.6, RCP4.5, and RCP8.5, the projected sulfate concentrations by 2050 are 1.0-2.5 μg m À3 in BTH, 1.5-2.3 μg m À3 in YRD, 0.6-2.3 μg m À3 in PRD, and 0.9-4.3 μg m À3 SCB, which are still comparable with present-day levels in the U.S. and Europe [Xing et al., 2015] . Carbonaceous aerosols are also effectively reduced through decreased emissions; however, OC concentrations by 2050 still hold high values of 1.6-6.8 μg m À3 in BTH, 1.8-5.8 μg m À3 in YRD, 1.0-2.8 μg m À3 in PRD, and 1.5-6.9 μg m À3 in SCB, under RCP2.6, RCP4.5, and RCP8.5. Future nitrate concentrations are also projected to remain at relatively high levels. For example, nitrate concentrations in DJF over 2000 -2050 , and 14-19 μg m À3 under RCP2.6, RCP4.5, and RCP8.5, respectively.
To explore how future SNA aerosol formation is affected by emission changes under the different RCP scenarios, we chose two metrics (the calculations of these metrics are based on the units of mol m À3 for aerosol concentration and mol m À2 s À1 for emissions): (1) the degree of sulfate neutralization (DSN), estimating the neutralization of sulfate by ammonium ( [Pinder et al., 2008] 
Â Ã ) and (2) the nitration ratio (NR) ( [Xing et al., 2015 ] NR = nitrate concentration/NO x emission), representing the relative amount of oxidized-N emission that is eventually converted to nitrate aerosol-changes in NR could thus indicate the relative effectiveness of NO x controls under given conditions. Figure 13 shows the evolution of changes in DSN and NR over BTH during 2000-2050. We can see that the rate of increase in NO x + 2 × SO 2 emissions is faster than that of NH 3 over BTH during (Figure 13e) , when DSN and NR show obvious declines. Over the period 2020-2040, a large increasing trend is found for both DSN and NR under all the RCPs except RCP6.0, though SO 2 and NO x emissions are reduced substantially during this period. The high NR during 2020-2040 that can be attributed to that high fraction of NO x is neutralized by NH 3 , which mainly results from the decrease in sulfate ammonium formation and the increase in NH 3 emissions. This suggests an offset in the effectiveness of controlling PM 2.5 levels due to the increasing NH 3 emissions in this region. In addition, DSN and NR in JJA peak after 2040 over BTH under all RCPs except RCP6.0, while in DJF they show a continuous and faster increase up to 2050. This indicates that greater efforts should be taken with control measures of PM 2.5 in DJF. The importance of controlling NH 3 emissions should be carefully considered, because NH 3 plays a critical role in influencing the formation of SNA aerosol, and the projected speed of increase in NH 3 emissions in China over 2010-2050 is generally twice that at the global scale, except under RCP8.5 (Figure 13f ). To improve air quality in the meantime, policymakers should consider the importance of DRF induced by decreased aerosols, which has been experienced in the U.S. [Leibensperger et al., 2012] and Europe [Turnock et al., 2016] . The warming effect of reducing aerosols for air quality improvement is significant. For example, PM 2.5 concentrations under RCP4.5 (RCP8.5) decrease by 49-58% (20-43%) over the four polluted regions in 2050 relative to 2000 (Table 1 ). The changes in aerosol concentrations lead to positive aerosol DRF values of 1.88 and 0.66 W m À2 over east China in 2050 relative to 2000 under RCP4.5 and RCP8.5, respectively. However, reducing BC can be taken as a win-win option for improving both air quality and mitigating near-term climate warming [Shindell et al., 2012; Li et al., 2016] . , under RCP2.6, RCP4.5, and RCP8.5. However, the FGNS implemented in 2016 challenges the control of future PM 2.5 air pollution in China, especially over heavily polluted regions. In BTH (YRD), a wintertime PM 2.5 level meeting the FGNS only occurs after 2040 (2030). The first achievement of summertime PM 2.5 concentrations below the FGNS in BTH happens around 2030 under both RCP2.6 and RCP4.5. In SCB, the wintertime PM 2.5 level is highest among the four regions, and PM 2.5 concentrations less than 35 μg m À3 only appear under RCP2.6 and RCP4.5, by 2050. Summertime Concentrations of PM 2.5 components alter considerably under emission changes. Changes in sulfate follow decreases in SO 2 emissions, but sulfate concentrations by 2050 over China are still comparable with presentday levels in the U.S. and Europe. Nitrate remains at a high level, even showing a rapid increase, although NO x emissions are reduced substantially (42-45%) during 2020-2040. NH 3 plays a critical role in modulating the formation of SNA aerosol, and the speed of increase in projected NH 3 emissions in China is twice that at the global scale. Carbonaceous aerosols show a large reduction, but the control of OC emissions needs to be stringent because the projected OC by 2050 is the second largest contributor to PM 2.5 concentrations.
The future annual mean aerosol DRF in 2050 relative to 2000 over east China (20°-45°N, 100°-125°E) is simulated to be warming of 1.22, 1.88, and 0.66 W m À2 under RCP2.6, RCP4.5, and RCP8.5, respectively. Such warming effects of reduced aerosol are significant. When considering both health and climate effects of PM 2.5 over China, for example, PM 2.5 concentrations averaged over east China under RCP4.5 (RCP2.6) decrease by 54% (43%) in 2050 relative to 2000, but at the cost of the DRF warming by 1.88 (1.22) W m À2 . Moreover, reducing BC emissions can be taken as a win-win option for both air quality and climate warming.
Although projected future changes in PM 2.5 levels and corresponding DRFs under RCP scenarios provide us with important clues for mitigation efforts, uncertainties exist in such projections. For instance, the effects of future interannual to decadal time scale climate change on PM 2.5 levels [Liao et al., 2006; Zhu et al., 2012; Mu and Liao, 2014] were not considered in this study; plus, fully coupled chemistry-climate model estimates that combine the effects of future emissions and climate change on PM 2.5 air quality are further needed [Raes et al., 2010; Fiore et al., 2012] . Moreover, the prediction of PM 2.5 levels is also affected by mineral dust X. Huang et al., 2014] and SOA chemistry in simulations [Fu and Liao, 2012; R.-J. Huang et al., 2014] , which are further issues that need to be addressed. 
